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METHOD AND APPARATUS FOR 
CORRECTING A VISIBLE LIGHT BEAM 

USING A WIRE-GRID POLARIZER 

PRIORITY CLAIM 

This is a continuation-in-part of US. patent application 
Ser. No. 10/352,693, ?led Jan. 27, 2003 noW abandoned, 
Which is a continuation of Ser. No. 09/819,565, ?led Mar. 
27, 2001, noW abandon. 

BACKGROUND 

1. Field of the Invention 
The present invention relates generally to Wire-grid polar 

izers in the visible spectrum to correct a visible light beam 
or compensate for another optical element. 

2. Related Art 
When certain optical elements are exposed to plane 

polarized light, they cause changes in the polarization state. 
Short of complete depolarization, they can rotate the plane 
of polarization, induce some ellipticity in to the beam, or 
both. Such changes can occur uniformly over the beam of 
light, or it may only occur in certain portions of the beam. 
In any case, the resulting beam cannot be effectively extin 
guished by another linear polarizer Which may be required 
in the optical train (e. g. to generate image contrast in a liquid 
crystal projection display). One solution is to put a “clean 
up” polarizer behind the element to reject light of the Wrong 
polarization. Unfortunately, this dims portions of the trans 
mitted light beam and may not be su?icient to restore 
su?icient contrast across the entire beam of light. The 
reduction of intensity, and especially the inhomogeneity of 
intensity and/or contrast across the beam is objectionable in 
many applications, and especially in imaging systems. 
As an example, consider a spherical lens that is not 

dichroic or birefringent. Such a lens rotates polarized light 
by the folloWing mechanism. The ray along the axis of the 
lens is un-deviated in its path, and completely maintains its 
polarization. Other rays Will have their path changed by the 
action of the lens, causing a rotation of some degree in the 
polarization orientation of this ray. As a result, the light 
exiting the lens Will have some rays Which have maintained 
their polarization orientation, and other rays With rotated 
polarization orientations. It Would be desirable to correct 
these polarization aberrations. 

There are several types of polarizers: 
Birefringent crystal prism polarizers are typically as long 

as they are Wide (approximately cubic). They are made of 
polished, carefully oriented crystal prisms. As a result, they 
are expensive, and Will polarize light only if it has very loW 
divergence or convergence. 

The MacNielle cube polarizer is not made of birefringent 
materials, but it is similar to crystal polarizers in many 
respects. For both of these, thickness, loW acceptance angle 
and cost prohibit their effective use. 

Thinner polarizers can be made of oriented, treated poly 
mer sheets. Although they transmit most of the light of one 
polarization, they typically absorb virtually all of the light of 
the orthogonal polarization. This can lead to severe heating 
in intense light, and the polymers typically degrade at 
temperatures less than 200 degrees C. Because the absorbing 
particles are dispersed in the polymer, a certain thickness 
(approximately 0.05 mm) is required for adequate absorp 
tion of the unWanted polarization. In addition, the polymer 
material is not very stable in environments Where tempera 
ture and humidity change frequently. 
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2 
It has been proposed to make a more heat-resistant 

polarizer by orienting prolate metal spheroids embedded in 
glass provided the spheroids have dimensions that are small 
compared to the light to be polarized. Unfortunately, such 
polarizers can be di?icult to produce. For example, see US. 
Pat. No. 5,122,907. 

Another type of polymer based polarizer contains no 
absorbers, but separates the tWo polarizations With tilted 
regions of contrasting refractive indexes. The light enters 
from the open side of the V-shaped ?lm, is re?ected from 
one side to the other, and then out. For this retro-re?ecting 
polarizer to Work, both sides of the “V” must be present. 
They are of moderate thickness, do not resist high tempera 
tures, and have limited angular aperture. Again, such polar 
izers are not easily produced. For example, see US. Pat. No. 
5,422,765. 
A heat-resistant polarizer can be made of inorganic mate 

rials of differing refractive index. Such polarizers can be thin 
(about 01-100 um) because they are inhomogeneous ?lms 
deposited at an angle on a substrate Which may be thin. 
Unfortunately, there is considerable randomness to the 
placement of the transparent oxide columns that are depos 
ited to provide the anisotropic structure for the polarizer. The 
randomness limits performance, so transmission is only 
about 40%, and the polarization is only about 70%. This 
optical performance is inadequate for most applications. For 
example, see US. Pat. No. 5,305,143. 

Another evaporated thin ?lm polarizer also is ine?icient 
because of randomness. This type of polarizer is made by 
oblique evaporation of tWo materials, at least one of Which 
is birefringent. For example, see US. Pat. No. 5,245,471. 
Many of the above polarizers either absorb the orthogonal 

polarization, or re?ect it in directions Where it is di?icult to 
use. 

SUMMARY OF THE INVENTION 

It has been recognized that it Would be advantageous to 
develop a method and/or apparatus to correct a visible light 
beam and/or compensate for an undesirable characteristic 
introduced into the light beam by another optical element. It 
has been recognized that it Would be advantageous to 
develop a polarizer device capable of polarizing visible 
light. In addition, it has been recognized that it Would be 
advantageous to develop such a polarizer device capable of 
treating or affecting a visible light beam such that the 
resulting transmitted and/or re?ected beams have a con 
trolled or patterned polarization orientation therethrough, 
With the control or pattern depending on the application. In 
addition, it has been recognized that it Would be advanta 
geous to develop such a polarizer device Which treats or 
a?fects different portions of the light beam differently, such 
that the resulting transmitted and/or re?ected beams have 
portions With different polarization orientations, Which can 
be used to compensate for other optical elements, or for 
other applications. 
The invention provides a method for obtaining a light 

beam, such as a visible light beam, With a desired charac 
teristic. The light beam is modi?ed With an optical element 
to obtain a modi?ed beam With an optical element that is 
capable of introducing an undesired characteristic that con 
tinuously transitions across at least a portion of the modi?ed 
beam. The undesired characteristic of the modi?ed beam is 
compensated for by a Wire-grid polarizer having a plurality 
of elongated elements. At least a portion of the elongated 
elements continuously transitions to a different characteris 
tic corresponding to the undesired characteristic of the 
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modi?ed beam to obtain a light beam With a desired char 
acteristic substantially across the light beam. 

In accordance With a more detailed aspect of the present 
invention, the undesired characteristic of the modi?ed beam 
is an undesirable, continuous transition in polarization state. 
The elongated elements obtain a light beam With a substan 
tially uniform polarization state. 

In addition, the invention provides an optical system to 
provide a light beam With a desired characteristic. A light 
source produces a visible light beam de?ning an optical 
train. An optical element is disposed in the optical train to 
create a modi?ed beam. In addition, the optical element is 
capable of introducing an undesired characteristic that con 
tinuously transitions across at least a portion of the modi?ed 
beam. A Wire-grid polarizer is disposed in the optical train. 
The Wire-grid polarizer has a plurality of elongated elements 
With at least a portion that continuously transitions to a 
different characteristic. The Wire-grid polarizer is positioned 
and oriented in the optical train With the different charac 
teristic corresponding to the undesired characteristic of the 
modi?ed beam to obtain a light beam With a desired char 
acteristic substantially across the light beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Additional features and advantages of the invention Will 
be apparent from the detailed description Which folloWs, 
taken in conjunction With the accompanying draWings, 
Which together illustrate, by Way of example, features of the 
invention; and, Wherein: 

FIG. 1 is a side schematic vieW of an optical train With a 
Wire-grid polarizer compensating for an undesirable char 
acteristic introduced by an optical element in accordance 
With an embodiment of the present invention With the 
Wire-grid polarizer disposed in a beam transmitted through 
the optical element and providing a compensated beam 
either re?ected from or transmitted through the Wire grid 
polarizer; 

FIG. 2 is a side schematic vieW of another optical train 
With a Wire-grid polarizer compensating for an optical 
element capable of introducing an undesirable characteristic 
in accordance With an embodiment of the present invention 
With the Wire-grid polarizer disposed prior to the optical 
element and providing a compensating beam either re?ected 
from or transmitted through the Wire grid polarizer and the 
optical element disposed in either the re?ected or transmit 
ted beam; 

FIG. 3 is a side schematic vieW of another optical train 
With a Wire-grid polarizer compensating for an undesirable 
characteristic introduced by an optical element in accor 
dance With an embodiment of the present invention With the 
Wire-grid polarizer disposed in a beam re?ected from or 
transmitted through the optical element and providing a 
compensated beam either re?ected from or transmitted 
through the Wire grid polarizer; 

FIG. 4 is a side schematic vieW of another optical train 
With a Wire-grid polarizer compensating for an optical 
element capable of introducing an undesirable characteristic 
in accordance With an embodiment of the present invention 
With the Wire-grid polarizer disposed prior to the optical 
element and providing a compensating beam either re?ected 
from or transmitted through the Wire grid polarizer and the 
optical element disposed in either the re?ected or transmit 
ted beam; 

FIGS. 5 and 6 are side schematic vieWs of optical trains 
illustrating optical elements introducing undesirable charac 
teristics into the light beams; 
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4 
FIGS. 7a and 7b are front schematic vieWs of a Wire grid 

polarizer in accordance With an embodiment of the present 
invention; 

FIG. 8 is a front schematic vieW of a Wire grid polarizer 
in accordance With an embodiment of the present invention; 

FIG. 9 is a front schematic vieW of a Wire grid polarizer 
in accordance With an embodiment of the present invention; 

FIG. 10 is a side schematic vieW of a Wire grid polarizer 
in accordance With an embodiment of the present invention; 

FIGS. 11a-11d are front schematic vieWs of Wire grid 
polarizers in accordance With an embodiment of the present 
invention; 

FIGS. 12a-12d are front schematic vieWs of Wire grid 
polarizers in accordance With embodiments of the present 
invention; 

FIGS. 13a-13d are front schematic vieWs of Wire grid 
polarizers in accordance With an embodiment of the present 
invention; 

FIG. 14 is a schematic perspective vieW of a Wire grid 
polarizer in accordance With an embodiment of the present 
invention; and 

FIG. 15 is a schematic cross-sectional end vieW of the 
Wire grid polarizer of FIG. 14. 

Reference Will noW be made to the exemplary embodi 
ments illustrated, and speci?c language Will be used herein 
to describe the same. It Will nevertheless be understood that 
no limitation of the scope of the invention is thereby 
intended. 

DETAILED DESCRIPTION OF EXAMPLE 

EMBODIMENT(S) 

The present invention provides a method and a Wire-grid 
polarizer for correcting or compensating for an undesirable 
characteristic introduced by an optic element. The undesir 
able characteristic can be a change in polarization state. For 
example, the optical element can be a lens that introduces an 
elliptical polarization orientation or otherWise rotates a 
linear polarization of a light beam, as shoWn in FIG. 5. As 
another example, the optical element can be a re?ective 
liquid crystal array, as shoWn in FIG. 6. In both cases, the 
beam can be polarized, such as by a Wire-grid polarizer With 
straight, elongated elements of constant thickness, Width, 
pitch and orientation. 
The present invention provides Wire-grid polarizers Which 

have been fabricated in such a Way as to possess character 
istics that change in a controlled manner across the optical 
aperture of the polarizer. The characteristics that may be 
changed in a controlled manner include, but are not limited 
to, polarization contrast, transmission, and polarization ori 
entation. Such a Wire-grid polarizer can be designed to 
largely correct the aberrations in the polarization state that 
are caused by another component in the optical system, such 
as a lens. Therefore, the system is able to realize perfor 
mance advantages over systems that use other approaches to 
correct for polarization aberrations, such as clean-up polar 
izers. 
As illustrated in FIGS. 1-4, exemplary methods and 

optical trains, or optical systems, are shoWn in accordance 
With the present invention. The optical trains or systems can 
be, or can form portions of, various optical systems, such as 
image projection systems. As illustrated in FIGS. 7-14b, 
exemplary Wire-grid polarizers are shoWn in accordance 
With the present invention With con?gurations to correct or 
compensate for an undesirable characteristic, such as a 
change in polarization state, introduced by an optical ele 
ment. As described in greater detail beloW, the Wire-grid 
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polarizers of the present invention incorporate a continuous 
change in the elements across at least a portion of the optical 
aperture of the polarizer in order to continuously change a 
characteristic or polarization state of the light beam. For 
example, the continuous change in the elements can include 
changes in orientation (angled or curved elements), thick 
ness, Width, pitch, etc. Thus, the Wire-grid polarizer of the 
present invention can affect the light beam di?ferently at 
different locations throughout the light beam, and can pro 
duce a light beam With a continuous change in polarization 
state across at least a portion of the beam. For example, the 
Wire-grid polarizer can be con?gured to both I) produce a 
light beam With a more uniform polarization state across at 
least a portion of the light beam, or 2) produce a light beam 
With a continuous change in polarization state across at least 
a portion of the light beam, to achieve a desired light beam 
or to correct a light beam. 

The undesirable characteristic can be introduced into the 
beam and subsequently corrected or compensated for by a 
Wire-grid polarizer disposed subsequent to the optical ele 
ment, as shoWn in FIGS. 1 and 3. In addition, the optical 
element can be capable of introducing an undesirable char 
acteristic into the light beam, but corrected or compensated 
for by a Wire-grid polarizer disposed prior to the optical 
element, as shoWn in FIGS. 2 and 4. 

The optical element can introduce, or be capable of 
introducing, the undesirable characteristic by transmitting 
the beam therethrough, as shoWn in FIGS. 1 and 2. 
Examples of optical elements that transmit include lenses, 
transmissive liquid crystal arrays, an optical retarder, a 
Waveplate, a prism, a transmissive substrate, transmissive 
polarizers, etc. In addition, the optical element can intro 
duce, or be capable of introducing, the undesirable charac 
teristic by re?ecting the beam therefrom, as shoWn in FIGS. 
3 and 4. Examples of optic elements that re?ect include 
mirrors, re?ective liquid crystal arrays, etc. 

Referring to FIG. 1, an optical train 10, or optical system, 
and method are shoWn for obtaining a visible light beam 
With a desired characteristic, and/or for correcting or com 
pensation an undesired optical e?fect applied by an optical 
element. As stated above, the desired characteristic can be a 
more uniform polarization state, such as a substantially 
uniform and continuous linear polarization state across the 
light beam. Similarly, the undesired optical effect can be the 
introduction of a different linear polarization state, or a 
rotation of the desired polarization state. 

The optical train 10 can be de?ned by the path(s) of light 
and the optical components disposed in, directing, and 
affecting the path of light. For example, the optical train can 
form at least a portion of a projection display or the like. The 
optical train 10 includes a light source 14 providing a visible 
light beam, indicated by lines 18. The light source 14 can be 
a high intensity discharge lamp, light emitting diode (LED), 
either as a single element or an array of LEDs, a high 
pressure mercury arc lamp, a plasma light source, etc. The 
visible light beam 18 has a Wavelength(s) in the visible 
spectrum, or betWeen approximately 400-700 nm (nanom 
eters), or 0.4-0.7 um (micrometers). Alternatively, the light 
beam may have a Wavelength in other regions, such as the 
ultra-violet (from 190 nm to 420 nm, or the infrared, from 
700 nm to 10,000 nm, for example. 

The optical train can include other optical components to 
collimate, shape, focus, direct or otherWise treat the visible 
light beam 18. For example, a polarizer 22 can be disposed 
in the visible light beam 18 to polarize the beam, or restrict 
the visible light beam to substantially a single polarization 
state, indicated by x. (The polarization state of the visible 
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6 
light beam can be composed of tWo opposite or orthogonal 
polarization states, indicated as x and y throughout. Polar 
ization states are typically designated by s and p, but x and 
y are used herein With x designating either s or p, and y 
designating the other polarization state.) The polarizer 22 
can include one or more polarizers, and the polarizers can be 
any type of polarizer, including a Wire-grid polarizer, dich 
roic polarizer, thin ?lm polarizer, etc. Alternatively, the 
visible light beam can be unpolarized, indicated by u (FIG. 
2). 
As another example, the optical train 10 can include an 

optical element 26 disposed in the visible light beam 18. The 
optical element 26 may provide a desired function, or may 
substantially modify the visible light beam in a desired 
fashion. For example, the optical element 26 may collimate, 
shape, focus, direct or otherWise treat the visible light beam 
to obtain a desired result. As such, the optical element 26 can 
be a lens (as shoWn), a plurality of lenses, a transmissive 
liquid crystal array(s), an optical retarder(s), a Waveplate(s), 
a prism(s), a transmissive substrate(s), a transmissive polar 
izer(s), etc. The lens can be plano-convex, piano concave, 
convex-convex, convex-piano, concave-piano, etc. The opti 
cal element 26 can be con?gured to transmit the visible light 
beam therethrough to produce a modi?ed beam, indicated by 
lines 30. The modi?ed beam 30 may substantially include 
desired characteristics, such as the desired polarization state. 
In addition, the modi?ed beam may be modi?ed by the 
optical element 26 to be focused, collimated, etc. 

In addition, the optical element 26 can undesirably 
modify the visible light beam 18, or a portion thereof, to 
obtain an undesirable modi?ed beam, indicated by lines 34, 
With an undesired characteristic. For example, the undesir 
able modi?ed beam 34 can include an undesired rotated or 
elliptical polarization, indicated by 0. (Alternatively, the 
optical element can be capable of introducing the undesired 
characteristic, as described beloW.) The undesired charac 
teristic can continuously transition across at least a portion 
of the modi?ed beam 30, indicated by the variable length of 
the lines 34. For example, the optical element 26 may 
introduce an undesired rotated or elliptical polarization state 
0 that transitions from lesser to greater, or increases in 
magnitude, across a cross-section of the beam. The above 
described scenario can be realized by a lens that can intro 
duce a continuous transition in the polarization state. 
The optical element 26 can have a characteristic that is 

undesirable in some aspect. For example, the optical element 
26 or lens can have a curvature or varying thickness that can 

introduce the undesirable characteristic, such as the change 
in polarization state. It Will be appreciated that the charac 
teristic in the optic element can be both desirable and 
undesirable. For example, the curvature or varying thickness 
of a lens is desirable With respect to focusing the light beam, 
but undesirable With respect to changing the polarization 
state. 

It Will be appreciated that the undesired characteristic, or 
undesired change in polarization state, may adversely affect 
the performance of the optical train, causing other optical 
components to treat the light beam differently than intended. 
For example, if the optical train forms part of a projection 
display or the like With a liquid crystal array or polarization 
analyzer, the undesired characteristic or change in polariza 
tion state may cause image information on the beam to be 
mis-rotated by the liquid crystal array, or mis-rejected or 
mis-alloWed by the polarization analyzer, resulting in a 
distorted or incorrect image. An example is represented in 
FIG. 5 in Which a typical polarizer 35, such as a Wire-grid 
polarizer With straight and constant elements, is disposed in 
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the modi?ed beam 30 subsequent to the optical element 26. 
The intended purpose of the polarizer 35 can be to polarize 
the modi?ed beam 30, or separate the modi?ed beam 30 into 
separate polarization states x and y. For example, the polar 
izer 35 can be intended to transmit a transmitted beam 36 of 
one polarization state x and re?ect a re?ected beam 37 of the 
opposite polarization state y. Because the optical element 26 
has introduced an undesirable characteristic 0 into a portion 

of the beam 34, hoWever, the intended purpose of the 
polarizer 35 is not fully realized. For example, the portion of 
the beam 34 With the undesirable characteristic 0 may be 
untreated or mistreated by the polarizer 35, indicated by 
dashed lines 36b and 37b. For example, the dashed lines 36b 
and 37b represent portions of the beam that may be unin 
tentionally eliminated, unintentionally transmitted, uninten 
tionally re?ected, or that noW have an undesired polarization 
state, etc. 

Therefore, referring again to FIG. 1, a Wire-grid polarizer 
38 in accordance With the present invention, mentioned 
above and described more fully beloW, can be disposed in 
the optical train, or in the modi?ed beam 30 subsequent to 
the optical element 26 to compensate for the undesired 
characteristic, or the undesired change in polarization state, 
of the modi?ed beam 30. As described in greater detail 
beloW, the Wire-grid polarizer 38 has a plurality of elongated 
elements 42 With at least a portion that continuously tran 
sitions across an optical aperture of the polarizer to a 
different characteristic corresponding to the undesired char 
acteristic of the modi?ed beam. Thus, the Wire-grid polarizer 
38, or continuous transition of elements 42, obtains a desired 
visible light beam 46 or 50 With a desired characteristic 
substantially across the visible light beam. As described 
beloW, the Wire-grid polarizer 38 can substantially separate 
the modi?ed light beam 30 into opposite or orthogonal 
polarization states x and y, and can be con?gured to transmit 
the desired beam 46 and/or re?ect the desired beam 50. 

The continuous transition to a different characteristic of 
the elements 42 of the Wire-grid polarizer 38 can include a 
change to a different angular orientation, a different period, 
a different Width, a different thickness, a different shape, 
and/ or a curvature or different curvature. Several character 

istics may be changed together in a coordinated manner or 
only one characteristic may be changed. All or only some of 
the elements may transition. In addition, only a portion of 
the element may transition. By Way of example, some of the 
elements 42 of the Wire-grid polarizer 38 are shoWn in FIG. 
1 as transitioning to a curvature or different angular orien 
tation. The continuous transition in character of the elements 
42 of the Wire-grid polarizer 38 can correspond to the 
continuous transition in the undesired characteristic, or 
continuous transition in undesired polarization, of the modi 
?ed beam 30. Or the continuous transition in character of the 
elements 42 of the Wire-grid polarizer 38 can correspond to 
the undesirable characteristic of the optical element 26. 
Thus, the Wire-grid polarizer 38 can be positioned and/or 
oriented to correspond to the modi?ed beam 30 or optical 
element 26. Or the elements 42 can be con?gured to 
continuously transition to match the continuous transition of 
the undesired characteristic in the modi?ed beam. It Will be 
appreciated that the optical element 26 may have a charac 
teristic that is desirable for one aspect, such as a curvature 
for focusing the beam, and another characteristic (or the 
same characteristic) that is undesirable for another aspect, 
such as the curvature rotating the polarization state of the 
beam. Thus, the elements 42 can be con?gured to corre 
spond to the undesired characteristic of the optical element, 
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8 
such as the curvature, and to compensate for the undesirable 
characteristic of the optical element. 

It Will also be appreciated that the optical element 26 can 
be disposed in an unpolarized light beam, i.e. Without the 
polarizer 22, and the Wire-grid polarizer 38 can both polarize 
the modi?ed beam 30 from the optical element 26, and 
correct or compensate as described above. 

Referring to FIG. 2, another optical train 10b and method 
are shoWn for obtaining a visible light beam With a desired 
characteristic, and/or for correcting or compensating an 
undesired optical e?‘ect applied by an optical element. The 
optical train 10b and method are similar in many respects to 
the optical train and method described above. Thus, much of 
the description Will not be repeated to limit redundancy, but 
it is understood that the above description With respect to 
FIG. 1 applies to the present description With respect to FIG. 
2. The optical train 10b, hoWever, can include the Wire-grid 
polarizer 38 in accordance With the present invention dis 
posed prior to the optical element 26 to compensate or 
correct for an undesired optical effect that the optical ele 
ment is capable of applying. Thus, the Wire-grid polarizer 38 
can compensate for the undesired optic e?‘ect before the 
optical element undesirably modi?es the beam, or so that the 
modi?ed beam has the desired characteristics after the 
optical element undesirably modi?es the beam. The Wire 
grid polarizer 38 can be disposed in the visible light beam 
18b, Which can be unpolarized, indicated by u. The Wire-grid 
polarizer 38 can polarize the visible light beam 18b, i.e. 
separate the visible light beam into tWo different light 
beams, a re?ected beam 54 and a transmitted beam 58, With 
corresponding different polarization states x and y. (As 
described above, polarization states x and y can be s and p, 
or p and s, polarizations respectively). 
The re?ected and/or transmitted beams 54 and 58 can be 

substantially polarized (or can have substantially a uniform 
linear polarization state), and can transition continuously 
from a primary polarization state x or y respectively to a 
different polarization state x' or y' respectively. For example, 
the re?ected beam 54 can have a substantially uniform 
polarization state x, but can have at least a portion 54b that 
transitions continuously from polarization state x to a dif 
ferent polarization state x'. Similarly, the transmitted beam 
58 can have a substantially uniform polarization state y, but 
can have at least a portion 58b that transitions continuously 
from polarization state y to a different polarization state y'. 
The different polarization state x' and/or y' can transition to 
a rotated or elliptical polarization state (or change in mag 
nitude or degree), or can transition to the opposite polariza 
tion state y or x respectively. Alternatively, rather than 
having a substantial polarization state, a substantial portion 
of the beam can transition from one polarization state to 
another. 
As described above, the transition in polarization state of 

the re?ected or transmitted beams 54 or 58 from the Wire 
grid polarizer 38 can be positioned to correspond to the 
undesired characteristic of the optical element 26. Thus, the 
transition in polarization state can compensate for the undes 
ired characteristic of the optical element 26 so that the 
modi?ed beam 30 has a desired characteristic, such as a 
substantially uniform polarization state x or y. Therefore, the 
Wire-grid polarizer 38 can both polarize the visible light 
beam 18b, and correct or compensate for the optical element 
26. 
The optical element 26 can be disposed in the transmitted 

beam 58 and subsequent to the Wire-grid polarizer 38, as 
shoWn in solid lines. Alternatively, the optical element 26 
can be disposed in the re?ected beam 54 and subsequent to 
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the Wire-grid polariZer 38, as shown in dashed lines. In 
addition, the optical element 26 can be con?gured to trans 
mit a modi?ed beam 30. Thus, the modi?ed beam 30 can be 
the desired beam as corrected or compensated for by the 
Wire-grid polariZer. 
As described above With respect to FIG. 5, Without the 

Wire-grid polariZer 38, the optical element 26 Would unde 
sirably modify the beam. 

Referring to FIG. 3, another optical train 100 and method 
are shoWn for obtaining a visible light beam With a desired 
characteristic, and/or for correcting or compensating an 
undesired optical e?fect applied by an optical element. The 
optical train 100 and method are similar in many respects to 
the optical trains and methods described above. Thus, much 
of the description Will not be repeated to limit redundancy, 
but it is understood that the above descriptions With respect 
to FIGS. 1 and 2 apply to the present description With respect 
to FIG. 3. The optical train 100, hoWever, can include a 
different type of optical element 62 disposed in the visible 
light beam 18. The optical element 62 can be a transmissive 
or re?ective light valve or liquid crystal array that can 
transmit or re?ect portions of light With a speci?ed polar 
iZation state, and can selectively rotate the polariZation state 
of speci?ed portions of the beam. In the case of a transmis 
sive light valve or liquid crystal array, the optical element 62 
can transmit a modi?ed beam 66 encoded With image 
information, or portions With different polarization states x 
or y selectively patterned. Thus, the modi?ed beam 66 may 
substantially include desired characteristics, such as the 
desired image information. Alternatively, in the case of a 
re?ective light valve or liquid crystal array, the optical 
element 62 can re?ect a modi?ed beam 70, shoWn in dashed 
lines, encoded With image information. The re?ective light 
valve or liquid crystal array is one example of a re?ective 
optical element. Other re?ective optical elements can 
include a planar or ?at mirror, a convex mirror, a concave 

mirror, etc. 
In addition, the optical element 62 can undesirably 

modify the visible light beam 18, or portion thereof, to 
obtain an undesirable modi?ed beam, indicated by lines 74, 
With an undesired characteristic. For example, the undesir 
able modi?ed beam 74 can include an undesired rotated or 
elliptical polarization, indicated by 0. (Alternatively, the 
optical element can be capable of introducing the undesired 
characteristic.) The undesired characteristic can continu 
ously transition across at least a portion of the modi?ed 
beam 66 or 70, indicated by the variable length of the lines 
74. For example, the optical element 62 may introduce an 
undesired rotated or elliptical polariZation state 0 that tran 
sitions from lesser to greater, or increases in magnitude, 
across a cross-section of the beam. An example is repre 
sented in FIG. 6 in Which a typical polariZer 35, such as a 
Wire-grid polariZer With straight and constant elements, is 
disposed prior to the optical element 62. The intended 
purpose of the polariZer 35 can be to provide the optical 
element 62 With polariZed light, While the intended purpose 
of the optical element 62 can be to provide a correct image, 
or correct pattern of polariZation states. For example, the 
optical element 62 can be intended to transmit a transmitted 
beam 64, or re?ect a re?ected beam 65, With a pattern of 
orthogonal polariZation states x and y. Because the optical 
element 62 has introduced an undesirable characteristic 0 
into a portion of the beam 64b or 65b, hoWever, the intended 
purpose of the optical element 62 is not fully realiZed. For 
example, the portion of the beam 64b or 65b With the 
undesirable characteristic 0 may untreated or mistreated by 
a subsequent analyZer (or polariZer), and thus be uninten 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
tionally eliminated, unintentionally transmitted, uninten 
tionally re?ected, etc., resulting in an incorrect or incom 
plete image. 

Therefore, referring again to FIG. 3, a Wire-grid polariZer 
38 in accordance With the present invention can be disposed 
in the optical train, or in the modi?ed beam 30 subsequent 
to the optical element 62 to compensate for the undesired 
characteristic, or the undesired change in polariZation state, 
of the modi?ed beam 30. The Wire-grid polariZer 38 can be 
disposed in the transmitted beam 66 that is transmitted or 
passed through the optical element 62, as shoWn in solid 
lines. Alternatively, the Wire-grid polariZer 38 can be dis 
posed in the re?ected beam 70 that is re?ected from the 
optical element 62, as shoWn in dashed lines. The Wire-grid 
polariZer 38 can substantially separate the beam from the 
optical element 62, either the transmitted or re?ected beam 
66 or 70, into opposite or orthogonal polariZation states x 
and y, and can be con?gured to transmit the desired beam 78 
or re?ect the desired beam 82. 

Referring to FIG. 4, another optical train 10d and method 
are shoWn for obtaining a visible light beam With a desired 
characteristic, and/or for correcting or compensating an 
undesired optical e?‘ect applied by an optical element. The 
optical train 10d and method are similar in many respects to 
the optical trains and methods described above. Thus, much 
of the description Will not be repeated to limit redundancy, 
but it is understood that the above descriptions With respect 
to FIGS. 1-3 apply to the present description With respect to 
FIG. 4. The optical train 10d, hoWever, can include the 
Wire-grid polariZer 38 in accordance With the present inven 
tion disposed prior to the optical element 62 to compensate 
or correct for an undesired optical effect that the optical 
element is capable of applying. The Wire-grid polariZer 38 
can be disposed in the visible light beam 18b, Which can be 
unpolariZed, indicated by u. The Wire-grid polariZer 38 can 
polariZe the visible light beam 18b, i.e. separate the visible 
light beam into tWo different light beams, a re?ected beam 
54 and a transmitted beam 58, With corresponding di?ferent 
polariZation states x and y. (As described above, polariZation 
states x and y can be s and p, or p and s, polariZations 
respectively). 

The re?ected and/or transmitted beams 54 and 58 can be 
substantially polariZed (or can have a substantially uniform 
linear polariZation state), and can transition continuously 
from a primary polariZation state x or y respectively to a 
different polariZation state x' or y' respectively. For example, 
the re?ected beam 54 can have a substantially uniform 
polariZation state x, but can have at least a portion 54b that 
transitions continuously from polariZation state x to a dif 
ferent polariZation state x'. Similarly, the transmitted beam 
58 can have a substantially uniform polariZation state y, but 
can have at least a portion 58b that transitions continuously 
from polariZation state y to a different polariZation state y'. 
The different polariZation state x' and/or y' can transition to 
a rotated or elliptical polariZation state (or change in mag 
nitude or degree), or can transition to the opposite polariZa 
tion state y or x respectively. Alternatively, rather than 
having a substantially uniform polariZation state, a substan 
tial portion of the beam can transition from one polariZation 
state to another. 
As described above, the transition in polariZation state of 

the re?ected or transmitted beams 54 or 58 from the Wire 
grid polariZer 38 can be positioned to correspond to the 
undesired characteristic of the optical element 62. Thus, the 
transition in polariZation state can compensate for the undes 
ired characteristic of the optical element 62 so that the 
modi?ed beam 66 or 70 has a desired characteristic, such as 



US 7,375,887 B2 
11 

a substantially uniform polarization state X or y. Therefore, 
the Wire-grid polarizer 38 can both polarize the visible light 
beam 18b, and correct or compensate for the optical element 
62. 
The optical element 62 can be disposed in the transmitted 

beam 58 and subsequent to the Wire-grid polarizer 38, as 
shoWn in solid lines. Alternatively, the optical element 26 
can be disposed in the re?ected beam 54 and subsequent to 
the Wire-grid polarizer 38, as shoWn in dashed lines. In 
addition, the optical element 62 can be con?gured to trans 
mit a modi?ed beam 66 or to re?ect a modi?ed beam 70. 
As described above, the optical element 62 can be a 

transmissive or re?ective light valve or liquid crystal array 
that can transmit or re?ect portions of light With a speci?ed 
polarization state, and can selectively rotate the polarization 
state of speci?ed portions of the beam. Thus, the optical 
element 62 can transmit a modi?ed beam 66 or re?ect a 

modi?ed beam 70 encoded With image information, or 
portions With different polarization states X or y. Thus, the 
modi?ed beam 66 or 70 may substantially include desired 
characteristics, such as the desired image information. The 
re?ective light valve or liquid crystal array is one example 
of a re?ective optical element. Other re?ective optical 
elements can include a planar or ?at mirror, a convex mirror, 
a concave mirror, etc. 
As described above, the Wire-grid polarizer 38 has a 

plurality of elongated elements 42 that can interact With the 
visible light to substantially separate the light into opposite 
or orthogonal polarization states X and y. (As described 
above, polarization states X and y can be s and p, or p and 
s, polarizations respectively). 

Speci?cally, the elements 42 are sized and spaced to 
interact With visible light. Thus, the elements 42 are rela 
tively long and thin, and disposed in a substantially parallel 
array, or various portions have parallel arrays. The dimen 
sions are determined by the Wavelength used. The folloWing 
dimensions are believed to be preferable for full spectrum 
visible light. The elements preferably have a length larger 
than the Wavelength of visible light, or greater than 700 nm 
(0.7 pm). The length, hoWever, can be much longer. In one 
aspect, the elements have a center-to-center spacing, pitch or 
period less than the Wavelength of visible light, or less than 
400 nm (0.4 pm). In another aspect, the elements have a 
pitch or period less than half the Wavelength of visible light, 
or less than 200 nm (0.2 pm). In another aspect, the elements 
have a Width in the range of 10 to 90% of the pitch or period. 

The elements 42 generally interact With the visible light to 
generally 1) transmit a transmitted beam having a substan 
tially uniform and constant linear polarization state, and 2) 
re?ect a re?ected beam also have a substantially uniform 
and constant linear polarization state. The elements gener 
ally transmit light With a ?rst polarization state, oriented 
locally orthogonal or transverse to the elements, and re?ect 
light With a second polarization state, oriented parallel to the 
elements. It Will be appreciated that the Wire-grid polarizer 
Will separate the polarization states of the light With a certain 
degree of e?iciency, or some of both polarization states may 
be transmitted and/or re?ected. It Will also be appreciated 
that a portion of the elements Will be con?gured to transmit 
or re?ect a different polarization state. 

In addition, the elements 42 have at least a portion that 
continuously transitions to a different characteristic that 
corresponds to the undesired characteristic of the modi?ed 
beam, or undesirable characteristic of the optical element. 
As described above, the continuous transition to a different 
characteristic of the elements 42 of the Wire-grid polarizer 
38 can include a change to: a different angular orientation; 
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a different period; a different Width; a different thickness; a 
different shape; and/ or a curvature or different curvature. All 
or only some of the elements may transition. In addition, 
only a portion of the element may transition. 

Referring to FIGS. 7a and 7b, the elements 42, or portions 
thereof, can include a continuous transition from straight or 
linear portions, to curved or arcuate portions 80 and 84 With 
a curvature Within a plane of the elements. (FIGS. 7a and 7b 
are shoWn schematically for clarity.) The arcuate portions 80 
can be concave, or eXtend outWard, as shoWn in FIG. 7a. 
Alternatively, the arcuate portions 84 can be conveX, or 
eXtend inWard, as shoWn in FIG. 7b. The curvature can be 
simple or compound. The Wire-grid polarizers 38 and 38b 
can have the arcuate portions 80 and 84 positioned near the 
corners so that the elements 42 transition from straight or 
linear at the center, top, bottom and sides, to arcuate portions 
80 and 84 near the comers. Thus, a majority of the element 
42 can be relatively straight and parallel With respect to one 
another, With the arcuate portions 80 and 84 having a 
curvature With respect to the straight elements. The elements 
42, 80 and 84 in FIGS. 7a and 7b can be con?gured for use 
With square optical element that tends to introduce aberra 
tions at its comers. The magnitude, shape, orientation and 
position of the curvature are determined by the type and 
location of the aberration being corrected. 

Referring to FIG. 8, the Wire-grid polarizer 380 can have 
elements 42 With a continuous transition from straight or 
linear portions to different straight or linear portions With a 
different angular orientation than the remaining elements 42. 
(The Wire-grid polarizer of FIG. 8 is shoWn schematically 
for clarity, and represents several different variations.) For 
eXample, some elements and/or portions 86 of the elements 
can be straight or linear, but have an angular orientation that 
eXtends outWard. Similarly, some elements and/or portions 
88 of the elements can eXtend inWard. The angle of angular 
portions 86 and 88 can be obtuse With respect to the 
remaining elements 42. In addition, the angular portions 88 
or 92 can be parallel With respect to one another, but have 
an obtuse angle With respect to the other elements. Thus, a 
majority of the elements 42 can be relatively straight and 
parallel With respect to one another, but With the angular 
portions 86 and 88 having an obtuse angle With respect to the 
other elements 42. Again, the angular element 86 and 88 can 
be positioned at the distal corners of the Wire-grid polarizer. 
Thus, the Wire-grid polarizer 380 can have elements 42 that 
transition from straight or linear at the center, top, bottom 
and sides, to angular portions 88 and 92 near the comers. It 
Will be appreciated that a single element can transition from 
one angular orientation to another, or that a second element 
can have a different angular orientation. The angular portion 
86 and 88 and the remaining elements 42 can de?ne a 
transition, or a point or line, Where the elements 42 change 
to the different angular portion 86 and 88. The transition can 
be straight or linear, and can be oriented orthogonal and 
parallel With respect to the elements 42. Alternatively, other 
angular portions 90 can form a straight or linear transition 
that is oriented at an acute angle With respect to both the 
elements, such as at 45 degrees. Other angular portions 92 
can form a curvilinear or arcuate transition. The elements or 

Wire-grid polarizer can be con?gured for use With a square 
optical element that tends to introduce aberrations at its 
corners. The angle, shape of the transition, orientation of the 
transition and position of the transition are determined by 
the type and location of the aberration being corrected. 

Referring to FIG. 9, the Wire-grid polarizer 38d can have 
elements or portions thereof With a continuous transition to 
different Widths, and/or different spacing. (The Wire-grid 
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polariZer of FIG. 9 is shown schematically for clarity, and 
represents several different variations.) A majority of the 
elements 42 can have a constant and/or uniform thickness, 
such as at the center, top, bottom and sides, With the portions 
94 and 96 having different Widths. Some of the elements or 
portions 94 can be Wider With narroWer spacing or gaps, 
and/or some of the elements or portions 96 can by narroWer 
With Wider spacing or gaps. The elements can transition 
from one Width to a different Width. The transition can be 

straight or linear as described above, and oriented perpen 
dicular and parallel With the elements. Other portions 98 can 
have a transition oriented at an acute angle, such as 45 

degrees. Other angular portions 100 can form a curvilinear 
or arcuate transition. The elements or Wire-grid polariZer can 
be con?gured for use With a square optical element that 
tends to introduce aberrations at its comers. The Width, 
spacing, orientation of the transition and position of the 
transition are determined by the type and location of the 
aberration being corrected. 

Referring to FIG. 10, the Wire-grid polariZer 38e can have 
elements or portion 104 and 108 that transition to different 
thicknesses. For example, a majority of the elements 42 can 
have a constant and/or uniform thickness, such as at the 
center, top, bottom and sides, but transitioning to thicker and 
thinner portions 104 and 108 along the length of the ele 
ments. The position of the thicker and thinner portions is 
determined by the type and location of aberration being 
corrected. As described above, the elements can transition in 
various different patterns to thicker or thinner. 

The Wire-grid polariZers can have elements With a char 
acteristic that transition in a pattern. Referring to FIGS. 11a 
and 11b, the Wire-grid polariZer 38f and 38g can have 
elements With Widths that transition from one Width to 
another in a pattern of concentric circles or concentric 
annular regions. Thus, the patterns can be discrete. For 
example, the elements 120-124 can transition from a nar 
roWer Width in a center, to a Wider Width around a perimeter, 
as shoWn in FIG. 11a. As another example, the elements 
126-130 can transition from a Wider Width in a center, to a 
narroWer Width around a perimeter, as shoWn in FIG. 11b. 
Such concentric patterns can be useful for correcting circular 
optical elements. It Will be appreciated that numerous con 
centric patterns can be provided. In addition, the elements 
can transition continually along the length of the element. 
For example, the Wire-grid polariZer 38h can have elements 
132 that can increase in Width at their distal ends 134 (and 
decreased Width in the middle or intermediate portion 136), 
and form a circular pattern, indicated by the dashed line, as 
shoWn in FIG. 110. As another example, the Wire-grid 
polariZer 381' can have elements 138 that can decrease in 
Width at their distal ends 140 (and increased Width in the 
middle or intermediate portion 142), and form a circular 
pattern, indicated by the dashed line, as shoWn in FIG. 1d. 

Referring to FIGS. 12a and 12b, the Wire-grid polariZer 
38j and 38k can have elements With angular orientations that 
transition from one angle to another in a pattern of concen 
tric circles, or concentric annular regions. Again, these 
regions or concentric circles can be discrete. For example, 
the elements 144-148 can transition in angle from the center, 
to greater obtuse angles extending outWardly, as shoWn in 
FIG. 12a. As another example, the elements 150-154 can 
extend inWardly, as shoWn in FIG. 12b. As another example, 
the Wire-grid polarizer 38! and 38m can have elements 
156-160 and 162-166 that can be formed in adjacent sequen 
tial regions progressing along the length of the elements, 
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With the elements in adjacent groups increasing or decreas 
ing in relative angular orientation, as shoWn in FIGS. 12c 
and 12d. 

Referring to FIG. 1311, the Wire-grid polariZer 3811 can 
have elements 168-172 that transition from one period or 
spacing to another in adjacent Zones or regions. For 
example, the elements can have elongated regions perpen 
dicular to the elements With the pitch in each region increas 
ing or decreasing by adjacent region. Referring to FIG. 13b, 
the Wire-grid polariZer 380 can have elements 174-178 that 
transition from one Width to another in adjacent Zones or 
regions. For example, the elements can have elongated 
regions perpendicular to the elements With the Width in each 
region increasing or decreasing by adjacent region. As 
another example, the Wire-grid polariZer 38p can have 
elements 180 that can increase and/or decrease in Width 
along their length in a linear fashion, as shoWn in FIG. 130. 
As another example, the Wire-grid polariZer 38q can have 
elements 182 or 184 that can increase and/or decrease in 
Width along their length in a curved or arcuate fashion, as 
shoWn in FIG. 13d. 

It is understood that the transition in characteristics of the 
elements can include one or more of the above characteris 

tics. For example, the elements can transition from straight 
to curved and thicker, etc. In addition, the elements can 
transition in thickness along their length. For example, a 
middle or intermediate portion of an element can be rela 
tively thin, While its distal ends can be relatively thick. 
Alternatively, the middle of the element can be relatively 
thick While the distal ends are relatively thin. 

Referring to FIGS. 14 and 15, a representative Wire-grid 
polarizer 38 is shoWn generally decoupling tWo orthogonal 
polariZations of a beam of electromagnetic Waves 200. The 
beam 200 can be incident on the face of the polariZer 38, or 
on the elements, as shoWn, particularly in the case of an 
image or information bearing beam. Alternatively, the beam 
can be incident on the substrate. The Wire-grid polariZer 38 
can include a plurality of elongated, spaced-apart elements 
42 disposed on a substrate 204. The elements 42 can be 
disposed on the substrate 402, such as by photo-lithography. 
The elements 42 can be conductive elements or Wires, and 
can be formed of aluminum or silver, Which have been found 
to be effective. The substrate can be glass, plastic or quartz 
or the like. The substrate 204 can be transparent to the 
electromagnetic Waves or visible light so that the electro 
magnetic Waves or light can be transmitted by, or pass 
through, the substrate. Thus, the substrate 204 can have an 
optical property of transmitting the electromagnetic Waves 
or visible light. In one aspect, the optical element 26 or 
substrate 204 can transmit the electromagnetic Waves or 
light Without otherWise altering it, such as, Without changing 
the phase, angle, etc. It Will be appreciated that other 
structures, materials, or layers can be disposed betWeen the 
elements 42 and the substrate 204, including for example, 
ribs, gaps, grooves, layers, ?lms, etc. In addition, a region 
can be formed betWeen the elements and the substrate With 
a loW refractive index (or a refractive index loWer than a 
refractive index of the substrate), and a controlled thickness. 
The loW index region separating the elements from the 
substrate can shift the longest Wavelength resonance point to 
a shorter Wavelength, and can reduce the fraction of P 
polariZed electromagnetic Waves or light that is re?ected 
from the polariZer. 
The elements 42 are relatively long and thin. All or most 

of the elements 42 can have a length that is generally larger 
than the Wavelength of desired electromagnetic Waves, such 
as visible light. Thus, the elements 42 have a length of at 








